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Journal of Lipid Research Volume 52, 2011 5 ′ -TGACAACTTTCACCTCCAT-3 ′ for Cyp46a1 (NM_010010), 5 ′ -CTTCCTGCTGACCAATGAAT-3 ′ and 5 ′ -AGCTTTTAGCA-GAGGCATGT-3 ′ for Cyp27a1 (NM_024264), 5 ′ -CCAGCTC-CTAAGTCACGTC-3 ′ and 5 ′ -CACGTCGAAGAAGGTCAG-3 ′ for Ch25h (NM_009890) and 5 ′ -CCTGTATGCCTCTGGTCGTA-3 ′ , and 5 ′ -CCATCTCCTGCTCGAAGTCT-3 ′ for ␤ -actin (X03672). PCR amplifi cation began with a 10 min preincubation step at 95°C, followed by 40 cycles of denaturation at 95°C for 10 s, annealing at 62°C for 10 s, and elongation at 72°C for 16 s. The relative concentration of the PCR product derived from the target gene was calculated using LightCycler System software. A standard curve for each run was constructed by plotting the crossover point against the log concentration. The concentration of target molecules in each sample was then calculated automatically by reference to this curve ( r = Ϫ 1.00), and results were standardized to the expression of ␤ -actin. The specifi city of each PCR product was assessed by melting curve analysis.
SDS-PAGE and immunoblot analysis
Cell homogenate was resolved by SDS-PAGE on a 5-20% gradient gel (e-PAGEL; ATTO Corporation, Tokyo, Japan) and transferred to a polyvinylidene difl uoride membrane (Immobilon-P; Millipore, Bedford, MA). Immunoblot analyses of mouse CYP3A, CH25H, and ␤ -actin were conducted with goat polyclonal antibody against mouse CYP3A, goat polyclonal antibodies against human CH25H (Santa Cruz Biotechnology; Santa Cruz, CA), and mouse monoclonal anti-␤ -actin antibody (Sigma), respectively. The membrane was blocked for 1 h in 5% fat-free milk in TBS-T (Tris-buffered saline/0.1% and incubated with the primary antibody against either CYP3A (1:200 dilution), CH25H (1:200 dilution), or ␤ -actin (1:1,000 dilution) in 5% fatfree milk in TBS-T overnight at 4°C. The blot was washed three times for 10 min in TBS-T and incubated with an HRP-conjugated donkey anti-goat IgG antibody (Santa Cruz Biotechnology) for CYP3A and CH25H or with an HRP-conjugated sheep antimouse IgG antibody (Amersham; Buckinghamshire, UK) for ␤ -actin. After washing, the bands were visualized by exposure to fi lm (Hyperfi lm ECL; Amersham) with an ECL Western blotting analysis system (Amersham) according to the manufacturer's instructions. The gradient gel was calibrated with prestained molecular-weight markers (Bio-Rad Japan; Tokyo, Japan).
Sample collection from human subjects
Blood samples were collected from 78 healthy adults. After coagulation and centrifugation at 1,500 g for 10 min, serum samples were stored at Ϫ 20°C until analysis. Informed consent was obtained from all subjects, and the experimental procedures were approved by the Teikyo University Institutional Review Board.
Determination of sterol concentrations
Sterol concentrations in cell homogenate and serum were measured using our previously described HPLC-ESI-MS/MS method ( 27, 28 ) . In brief, 5 l aliquots of serum or cell homogenate (approximately 1 × 10 4 cells) were incubated with stable isotope-labeled oxysterols as internal standards in 1 N ethanolic KOH at 37°C for 1 h. Sterols were extracted with n -hexane, derivatized to picolinyl esters, and analyzed by HPLC-ESI-MS/MS. Conventional derivatization was conducted at 80°C for 60 min, but room temperature for 30 min was chosen for the specifi c monopicolinyl ester formation of 25-hydroxycholesterol. Monopicolinyl 25-hydroxycholesterol exhibited [M+Na+CH 3 CN] + ion as the base peak, and [picolinic acid (C 6 H 5 NO 2 )+Na] + ion was observed as the most-abundant product ion under various levels of collision energy. Therefore, m/z 571 → 146 (25 V) and m/z 574 → 146 (25 V) were used as the monitoring ions and optimal signifi cantly elevated in Cyp27 Ϫ / Ϫ mice (unpublished observation). This might be caused by reduced metabolism of 25-hydroxycholesterol due to inhibition of 27-hydroxylation. However, it was also possible that 25-hydroxylation of cholesterol was stimulated by enzyme upregulation in the Cyp27 Ϫ / Ϫ mice. We speculated that CYP3A was the enzyme that exhibited high cholesterol 25-hydroxylation activity because CYP3A was markedly upregulated in Cyp27
Ϫ / Ϫ mice and this enzyme was known to catalyze a similar reaction, i.e., 25-hydroxylation of 5 ␤ -cholestane-3 ␣ ,7 ␣ ,12 ␣ -triol ( 21 ) . The CYP3A subfamily consists of monooxygenases that catalyze many reactions involved in the metabolism of xenobiotics, steroid hormones, and bile acids ( 22 ) . Cholesterol is also one of the substrates for CYP3A and is believed to be mainly metabolized to 4 ␤ -hydroxycholesterol ( 23, 24 ) . The present study was undertaken to prove that CYP3A catalyzes not only 4 ␤ -hydroxylation but also 25-hydroxylation of cholesterol and to show the possibility that 25-hydroxycholesterol in normal human serum originates from CYP3A4.
MATERIALS AND METHODS

Chemicals
Pregnenolone-16 ␣ -carbonitrile (PCN) and troleandomycin were purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO). Cholesterol and desmosterol were obtained from Steraloids, Inc. (Newport, RI), and cholesterol was used as substrate for the enzyme assay after purifi cation with disposable silica cartridge columns ( 25 ) to remove contaminated oxysterols. Additional reagents and solvents were of analytical grade.
Cell culture
AML12 cells, a differentiated, nontransformed hepatocyte cell line that was derived from transforming growth factor ␣ -overexpressing transgenic mice ( 26 ) were purchased from American Type Culture Collection (Manassas, VA). Cells were seeded in 6-well plates and cultured in a 1:1 mixture of Dulbecco's modifi ed Eagle's medium and Ham's F12 medium (Invitrogen Japan KK; Tokyo, Japan) supplemented with 0.005 mg/ml insulin, 0.005 mg/ml transferrin, 5 ng/ml selenium, 40 ng/ml dexamethasone, and 10% FBS. When the cells were subconfl uent, the medium was replaced with fresh medium containing PCN, troleandomycin, or desmosterol dissolved in 1% ethanol. Although 1% ethanol in the medium had no detectable effects on cell growth, the same concentration of ethanol was also added to the control wells. Cells were incubated at 37°C in a humidifi ed incubator containing 5% CO 2 and 95% air.
RNA measurements
Total RNA was extracted from the cells using an AllPrep RNA/ protein kit (QIAGEN KK; Tokyo, Japan). Reverse transcription was performed on 1 g of total RNA using a fi rst-strand cDNA synthesis kit for RT-PCR (Roche Diagnostics; Mannheim, Germany). Real-time quantitative PCR was performed on cDNA aliquots with FastStart DNA Master SYBR Green I and a LightCycler (Roche). The sequences of the oligonucleotide primer pairs used to amplify mouse mRNAs are 5 ′ -GGCAGCATTGATCCT-TATG-3 ′ and 5 ′ -AAGAACTCCTTGAGGGAGAC-3 ′ for Cyp3a11 (NM_007818), 5 ′ -ACACCTACTTTGAAGACCCAT-3 ′ and by guest, on November 8, 2017 www.jlr.org Downloaded from than 50 times lower than that of Cyp3a11 (data not shown). Troleandomycin tended to upregulate the mRNA expression of Cyp3a11 , but the difference was not statistically signifi cant. The addition of desmosterol to cell culture medium did not affect the induction of Cyp3a11 by PCN. However, desmosterol seemed to inhibit the induction of Ch25h by PCN. Figure 3 shows the effects of PCN, troleandomycin, and desmosterol on protein levels of CYP3A and CH25H. PCN increased CYP3A protein level, which was associated with the upregulated transcription of Cyp3a11 ( Fig. 2 ) . However, although the transcription of Ch25h was also upregulated by the addition of PCN, the protein level of CH25H was not elevated. In addition, desmosterol did not affect the expression of cellular CYP3A protein, but CH25H protein level was obviously decreased by desmosterol treatment.
Intact or boiled aliquots of insect cell microsomes overexpressing recombinant human CYP3A4 (10 pmol of P450) were incubated at 37°C for 30 min with 200 M cholesterol and an NADPH generating system, and the sterol fraction was derivatized to picolinyl esters by two different methods. Figures 4A, C represent selected reaction monitoring (SRM) of samples that were derivatized at 80°C for 60 min. This derivatizing method generally produced dipicolinyl esters of oxysterols, and the SRM data indicated that 25-hydroxycholesterol was a major product of intact CYP3A4, as well as 4 ␤ -hydroxycholesterol. We also derivatized the sample at room temperature for 30 min, which produced mono-picolinyl ester of 25-hydroxycholesterol ( Fig. 4B, D ) . The mass spectrum and retention time of mono-picolinyl 25-hydroxycholesterol are completely distinct from those of di-picolinyl 25-hydroxycholesterol. The production of 25-hydroxycholesterol by intact CYP3A4 was confi rmed using this specifi c derivatization technique.
The effects of substrate (cholesterol) concentrations on various hydroxylase activities in recombinant human CYP3A4 are presented in Fig. 5 . The most signifi cant activity was 25-hydroxylation, which was higher than that of 4 ␤ -hydroxylation, a marker activity of CYP3A4. Other hydroxylation activities, i.e., 22R-, 24R-, 24 S -, 26-, and 27-hydroxylation were also observed, but the activities were much lower than that of 4 ␤ -hydroxylation. Apparent V max and K m were calculated by Lineweaver-Burk plots. V max of 25-, 4 ␤ -, 22R-, 24R-, 24 S -, 26-, and 27-hydroxylation were 7.0 × 10 In Table 1 , cholesterol 25-and 4 ␤ -hydroxylase activities are compared among four different insect cell microsomes containing recombinant human CYP1A2, CYP2C9, CYP2D6, or CYP3A4. Not only CYP3A4 but also the other three P450 enzymes signifi cantly catalyzed 25-hydroxylation of cholesterol, but these activities were lower than that by CYP3A4. In contrast, 4 ␤ -hydroxylation of cholesterol was exclusively observed in microsomes containing CYP3A4. Control microsomes without expressed human P450 enzymes did not convert cholesterol into 25-hydroxycholesterol or 4 ␤ -hydroxycholesterol.
c, San Jose, CA) was employed for the HPLC separation of sterols, and the Hypersil GOLD aQ column (150 mm × 2.1 mm ID, 3 m) was also used to obtain better separation of the stereoisomers ( 29 ) .
Enzyme assay
Microsomes (baculosomes) prepared from insect cells that were infected with a baculovirus containing the cDNA for rabbit cytochrome P450 reductase and human CYP1A2 , CYP2C9 , CYP2D6 , or CYP3A4 were purchased from Invitrogen. The microsomes (10 pmol of P450) were incubated for 30 min at 37°C with various amounts of cholesterol (dissolved in 12 l of a 33% aqueous solution of 2-hydroxypropyl-␤ -cyclodextrin), NADPH (1.2 mM), glucose-6-phosphate (3.6 mM), 2 U glucose-6-phosphate dehydrogenase, and 100 mM potassium phosphate buffer (pH 7.4) containing 0.1 mM EDTA in a total volume of 0.5 ml. The incubation was stopped by the addition of 1 ml ethanol. After the addition of the internal standards and 5 g butylated hydroxytoluene to the mixture, oxysterols were extracted twice with 2 ml n -hexane, derivatized to picolinyl esters, and analyzed by HPLC-ESI-MS/MS, as described above. To exclude the possible effects of contaminated oxysterols in substrate (cholesterol) and cholesterol autoxidation, incubations without adding NADPH generating system were conducted simultaneously, as a control, and the data were subtracted from those obtained using complete assay mixtures. An assay using boiled CYP3A4 was also conducted to exclude the direct effects of the NADPH generating system on cholesterol oxidation.
Statistics
Data are expressed as the mean ± SD. The statistical significance of differences between the results in the different groups was evaluated using the Student's two-tailed t -test. Correlation was tested by calculating Pearson's correlation coeffi cient, r . For all analyses, signifi cance was accepted at the level of P < 0.05.
RESULTS
The effects of PCN, troleandomycin, and desmosterol on sterol concentrations in AML12 cells are shown in Fig. 1 . The concentrations of 4 ␤ -hydroxycholesterol, 25-hydroxycholesterol, and 22R-hydroxycholesterol were signifi cantly increased by treatment with PCN, a classical inducer of CYP3A by the activation of pregnane X receptor (NR1I2) ( 22 ) . In contrast, these oxysterol concentrations were signifi cantly decreased by treatment with troleandomycin, a specifi c inhibitor of CYP3A activity ( 30 ) . Furthermore, the increase of 25-hydroxycholesterol by PCN treatment was not suppressed by the addition of desmosterol, a potent inhibitor of CH25H ( 13 ) . On the other hand, signifi cant increase by PCN was not observed regarding the other oxysterol concentrations.
The effects of PCN, troleandomycin, and desmosterol on mRNA expressions of Cyp3a11 , Ch25h , Cyp46a1 , and Cyp27a1 in AML12 cells are shown in desmosterol downregulated CH25H protein in the cells, but did not reduce the concentration of cellular 25-hydroxycholesterol. Second, the presence of signifi cant cholesterol 25-hydroxylation activity was proven by using recombinant human CYP3A4. Third, 25-hydroxycholesterol concentrations in normal human sera correlated positively with the 4 ␤ -hydroxycholesterol level; a known marker of CYP3A4 activity ( 23, 24 ) .
In this study, we paid close attention to identifying 25-hydroxycholesterol by using two different derivatization methods, i.e., 80°C for 60 min and room temperature for 30 min. The former method synthesizes the usual dipicolinyl derivative of 25-hydroxycholesterol, whereas the latter method produces the mono-picolinyl derivative, because the C-25 position of 25-hydroxycholesterol is resistant to picolinyl ester formation at room temperature ( 28 ) . The identifi cation of 25-hydroxycholesterol by our conventional HPLC-MS/MS method was confi rmed using
The relationships between serum 25-hydroxycholesterol concentrations and serum 4 ␤ -, 24 S -, and 27-hydroxycholesterol concentrations in 78 normal Japanese subjects are shown in Fig. 6 . Serum 25-hydroxycholesterol concentrations correlated signifi cantly with 4 ␤ -hydroxycholesterol concentrations ( Fig. 6A ), but did not correlate significantly with the concentrations of 24 S -hydroxycholesterol ( Fig. 6B ) or 27-hydroxycholesterol ( Fig. 6C ) . On the other hand, serum 24 S -hydroxycholesterol and 27-hydroxycholesterol concentrations correlated signifi cantly ( r = 0.408, P < 0.0005, n = 78) in the group of normal subjects.
DISCUSSION
Our results provide strong evidence that 25-hydroxylation of cholesterol is catalyzed by CYP3A. First, CYP3A induction caused the accumulation of 25-hydroxycholesterol in a cell line derived from mouse liver. The addition of autoxidation. Therefore, in the recombinant cytochrome P450 experiments, control assays without adding the NADPH generating system were conducted simultaneously and the data were subtracted from those obtained using the complete assay system.
It was surprising that recombinant CYP3A4 produced much more 25-hydroxycholesterol than 4 ␤ -hydroxycholesterol, which is used as a marker of CYP3A4 activity ( 23, 24 ) . However, serum concentrations of 25-hydroxycholesterol were low compared with those of 4 ␤ -hydroxycholesterol ( Fig. 6A ) , which may be explained by the fact that the metabolism of 25-hydroxycholesterol is faster than that of 4 ␤ -hydroxycholesterol ( 31 ) . Whereas 4 ␤ -hydroxycholesterol is metabolized slowly by CYP7A1 and CYP27A1 ( 31 ), 25-hydroxycholesterol is metabolized faster by CYP7A1 ( 32 ) and CYP7B1 ( 33 ) .
It has been reported that 25-hydroxycholesterol is synthesized not only by CH25H ( 13 ) but also by CYP27A1 ( 16, 17 ) and CYP46A1 ( 18 ) . Because only very low levels of this specifi c derivatization technique. Furthermore, we quantifi ed 25-hydroxycholesterol with great care because this oxysterol may be a normal contaminant of the substrate (cholesterol) and could be generated by cholesterol Under abnormal conditions, however, serum 25-hydroxycholesterol concentrations may not change with 4 ␤ -hydroxycholesterol levels. For example, in a patient with cerebrotendinous xanthomatosis (CTX), CYP27A1 defi ciency, serum 25-hydroxycholesterol concentration was low but 4 ␤ -hydroxycholesterol concentration was high compared with those in a normal subject ( 28 ) . Because CYP3A4 activity is not signifi cantly altered in CTX ( 21 ) , it is likely that these oxysterol concentrations were affected by the activities of other enzymes, i.e., impaired CYP27A1 and upregulated CYP7A1 ( 21 ) that metabolize 4 ␤ -hydroxycholesterol and 25-hydroxycholesterol, respectively. A recent report by Diczfalusy et al. ( 15 ) showed that intravenous injection of lipopolysaccharide (endotoxin) in healthy volunteers resulted in an increase in plasma 25-hydroxycholesterol concentration. Although CH25H activity was not determined in these subjects, the increase might be due to the induction of CH25H, as suggested by their experiments using mouse macrophage.
The biochemical role of the production of 25-hydroxycholesterol by CYP3A remains unclear. However, this oxysterol appears to be further metabolized to bile acids ( 35 ) , which may be one of the important alternative pathways for bile acid biosynthesis. In addition, this oxysterol is a potent inhibitor of HMG-CoA reductase and a ligand of LXR ␣ , so that it may participate in the regulation of lipid metabolism. It should be noted that CYP3A4 catalyzes not only 25-hydroxylation but also 4 ␤ -hydroxylation, 22R-hydroxylation, and other nonstereospecifi c hydroxylations of cholesterol, including 24R-, 24 S -, 26-, and 27-hydroxylation ( Fig. 5 ) . Because 4 ␤ -hydroxycholesterol, 22R-hydroxycholesterol, and 24 S -hydroxycholesterol have been reported to be more potent activators of LXR ␣ compared with 25-hydroxycholesterol ( 8, 9 ) , the infl uence of CYP3A induction on LXR ␣ activity is not explained by the effects of 25-hydroxycholesterol alone.
Fatty liver and hypertriglyceridemia are characteristic features in Cyp27 Ϫ / Ϫ mice ( 36 ) but not in CTX patients.
Because CYP3A is markedly upregulated in Cyp27 Ϫ / Ϫ mice but not in CTX patients ( 21 ) , oxysterols synthesized by CYP3A may induce fatty liver in Cyp27 Ϫ / Ϫ mice. In fact, SREBP1, a target gene of LXR ␣ , and SREBP1-regulated FA biosynthetic enzymes were upregulated in Cyp27 Ϫ / Ϫ mice ( 36 ), whereas SREBP1 was not upregulated in CTX patients ( 37 ) .
CH25H are expressed in normal human tissues ( 13 ) , the roles of CYP27A1 and CYP46A1 in the formation of 25-hydroxycholesterol may be relatively important in humans. However, our results showed that the serum concentrations of 25-hydroxycholesterol did not correlate with the concentrations of either 27-hydroxycholesterol, a product of CYP27A1, or 24 S -hydroxycholesterol, a product of CYP46A1. In contrast, 25-hydroxycholesterol levels were signifi cantly correlated with 4 ␤ -hydroxycholesterol concentrations in normal human subjects. The results lend support to the hypothesis that CYP3A4 synthesizes 25-hydroxycholesterol, as well as 4 ␤ -hydroxycholesterol.
Our results showed that not only CYP3A4 but also CYP1A2, CYP2C9, and CYP2D6 catalyzed 25-hydroxylation of cholesterol to some extent ( Table 1 ) . However, CYP3A4 is the most abundantly expressed form of P450 in human liver (as much as 60% of all hepatic P450) ( 34 ) . In addition, because cholesterol 4 ␤ -hydroxylase activities by CYP1A2, CYP2C9, and CYP2D6 were negligible, the positive correlation between serum concentrations of 25-hydroxycholesterol and 4 ␤ -hydroxycholesterol cannot be explained by these P450 activities. Thus, at least in normal human subjects, most of the serum 25-hydroxycholesterol appears to originate from CYP3A4. In summary, 25-hydroxycholesterol was quantifi ed using the latest HPLC-ESI-MS/MS technique in a mouse liver cell line, in microsomes overexpressing recombinant human cytochrome P450 enzymes and in normal human sera. All data support the idea that CYP3A was one of the responsible enzymes that catalyzed the 25-hydroxylation of cholesterol. 
